Two fractions of agglutination activity towards fluorescent pseudomonads were detected in root washes of potato, tomato, wheat, and bean. High-molecular-mass (>106 Da) components in crude root washes agglutinated only particular saprophytic, fluorescent Pseudomonas isolates. Ion-exchange treatment of the crude root washes resulted in preparations of lower-molecular-mass (105 to 106 Da) fractions which agglutinated almost all Pseudomonas isolates examined. Also, components able to suppress agglutination reactions of pseudomonads with the lower-molecular-mass root components were detected in crude root washes of all crops studied. Pseudomonas isolates were differentially agglutinated by both types of root components. The involvement of these two types of root components in short-term adherence and in colonization was studied in potato, tomato, and grass, using Pseudomonas isolates from these crops. Short-term adherence of isolates to roots was independent of their agglutination with either type of root components. With agglutination-negative mutants, the high-molecular-mass components seemed to be involved in adherence of Pseudomonas putida Corvallis to roots of all crops studied. Short-term adherence to roots of four Pseudomonas isolates could be influenced by addition of both crude and ion-exchange-treated root washes, depending on their agglutination phenotype with these root wash preparations. Potato root colonization by 10 different isolates from this crop, over a period of 7 days, was not correlated with their agglutination phenotype. Agg-mutants of P. putida Corvallis were not impaired in root colonization. It is concluded that the root agglutinins studied can be involved in short-term adherence of pseudomonads to roots but do not play a decisive role in their root colonization.
The potential of certain fluorescent Pseudomonas spp. to promote plant growth or suppress plant pathogens has been the subject of many studies (18, 22) . For these fluorescent pseudomonads to be effective as biological control agents, their efficient colonization of the rhizosphere is a prerequisite (6, 18) . However, mechanisms of root colonization have yet to be elucidated.
One of the early steps in the root colonization process presumably involves the attachment of bacterial cells to the plant root (13) . Several bacterial characteristics involved in this early event, such as the presence of pili (21) , a 33,000-molecular-weight root-adhesive protein (9) , and surface charge properties (14) , have been described. In addition, certain saprophytic pseudomonads can be agglutinated by a glycoprotein complex, termed agglutinin, released from root surfaces (1) . Anderson et al. (2) demonstrated that the agglutination phenotype of Pseudomonas putida, isolate Corvallis, promotes rapid attachment to sterile root surfaces and increased root colonization in soils containing Fusarium oxysporum. Agglutination of P. putida Corvallis is related to the presence of at least two loci, termed aggA and aggB, in the bacterial genome (5) .
Strains of fluorescent pseudomonads differ in their abilities to react with agglutinins (15) . In this study, we examined several isolates for agglutinability by root components from four plant species. We investigated whether the agglutination phenotype of fluorescent pseudomonads with agglutinins cor-Potato and grass plants were grown in a silty loam soil obtained from the experimental farm De Schreef, near Lelystad, The Netherlands. Tomato plants were grown in a steamed potting mixture. Rhizosphere suspensions in MgSO4 (0.1 M) were plated on modified King's medium B (KB) (12, 16) . After 48 h of growth at 27°C, dominant fluorescent colonies were selected on the basis of colony morphology and subjected twice to single-colony isolation. Different isolates were distinguished on the basis of their patterns of lipopolysaccharides (11) and outer membrane proteins (10) , using sodium dodecyl sulfate-polyacrylamide gel electrophoresis. For each crop, 10 different and dominant isolates were selected and stored at -80°C in 35% glycerol.
P. fluorescens WCS740, WCS979, WCS951, and WCS916
were derived from the rhizospheres of tomato, potato, grass, and wheat, respectively. P. putida Corvallis and three mutants of this strain which lack the agglutination phenotype (4312, 5123, and 1202), using crude root wash from bean, were described previously (2) .
Unless indicated otherwise, bacterial cells were grown for 14 h at 27°C after inoculation of 25 ml of rich medium (3). Suspensions were washed twice with sterile distilled water (SDW) and were resuspended in 0.1 mM MgCl2. The concen- Crude root wash Potato 10-14  32  0  32  0  0  0  21-24  0  0  0  0  0  0  Tomato  10-14  22  0  26  0  0  0  21-24  0  0  0  0  0  0  Wheat  10-14  32  0  30  0  0  0  21-24  0  0  0  0  0  0  Bean  10-14  38  0  36  0  0  0 highest dilution of a sample showing 1 U of agglutination activity.
Agglutination-suppressive components. To determine whether agglutination-suppressive components were removed from crude root washes by ion-exchange treatment, the DEAE-Sephadex slurry that remained after filtration of root washes was washed twice with distilled water to remove residual agglutinin activity. The washed material was treated with increasing concentrations (0.5, 1, and 2 M) of NaCl to remove adsorbed material, after which the filtrates were collected and pooled. After the filtrate was dialyzed for 12 h against ca. 100 liters of flowing distilled water, it was lyophilized, resuspended in 1.6 ml of SDW, and stored at -20°C. As a control, DEAE-Sephadex was mixed with SDW, and the resulting slurries were treated as described above.
Inhibition of agglutination activity. Crude root washes and DEAE-Sephadex-absorbed material were tested for the sup- and incubated for 5 min. Thereafter, 3 p,l of an ion-exchangetreated root wash preparation of the corresponding crop, which was able to cause complete agglutination of bacterial cells in the control treatment, was added, and the mixture was incubated for 15 min. Bacterial samples that exhibited a reduced agglutination reaction in comparison to the control treatment were considered to be inhibited in their agglutination reaction by the crude root washes or the DEAE-Sephadex-absorbed material. Adherence assay. Tomato seeds were surface sterilized for 5 min with 5% NaOCl, rinsed with SDW, and allowed to germinate and grow for 8 days on moist paper filters in petri dishes at 23°C. Seeds of grass were surface sterilized in 50% H2SO4 for 15 min and rinsed extensively with SDW. Thereafter, the seeds were treated with 5% NaOCl (10 min) and rinsed in SDW. Since seeds of grass, unlike tomato, were frequently observed to be infected after germination, each grass seed was germinated separately on full-strength tryptic soy agar (Difco) plates (0.3% agar) to detect contamination of the seeds. Noninfected germinated seeds were selected for experimentation after 6 days of growth at 23°C. Sterile potato plantlets (cv. Bintje) were obtained from the Dutch Agricultural Inspection Department (NAK), Slootdorp, The Netherlands.
The sterile roots of tomato and grass seedlings and of potato plantlets were immersed for 15 min in bacterial suspensions (106 cells per ml) with agitation at 150 rpm and thereafter removed and gently shaken to remove excess suspension. The roots were excised and shaken vigorously for 20 s in glass tubes with 5 ml of 0.1 M MgSO4 (wash 1). Roots were transferred to tubes containing 2 ml of 0.1 M MgSO4 and 2 g of glass beads (0.11-mm diameter) and shaken for 30 s (wash 2). Thereafter, Immediately after immersion, 0.1 ml of an appropriate dilution of tomato root wash (either crude or ion exchange treated) was added, resulting in final concentrations ranging from 0.1 to 0.4 mg of lyophilized powder per ml of bacterial suspension. In the control treatments, 0.1 ml of SDW was added to the bacterial suspensions instead of the root wash suspension. After Grass  GI  G2  G3  G4  G5  G6  G7  G8  G9  G10   Tomato   TI   T2  T3  T4  T5  T6  T7  T8 (12) agar plates supplemented with 150 Fg of rifampin per ml, using a spiral plater. The number of colonies was determined after 48 h of growth at 27°C. Nonbacterized treatments were used as a control to check for naturally occurring rifampin-resistant bacteria. Ten replicates per treatment were used. Statistics. The correlations between agglutination (classes 0 to 3) by pseudomonads and their adherence to roots (log CFU per centimeter of root; mean of six replicates per treatment) or their root colonization (log CFU per gram of root; mean of 10 replicates per treatment) were determined by using the Spearman rank correlation test (19) . The resulting correlation coefficients (r) ranged from 0 (no correlation) to 1 (100% correlation).
Results of the adherence experiments (log CFU per centi. meter of root) were analyzed by Student's t test (19) . Results of the root colonization experiments after root bacterization (log CFU per gram of root) were analyzed by the Kruskal-Wallis test followed by the simultaneous test procedure (STP) (19 (20) .
' Standard error is given in parentheses. "Correlations (r) between root colonization and agglutination with crude and ion-exchange-treated agglutinins were determined by using the nonparametric Spearman's rank correlation test procedure.
RESULTS
Agglutination by root wash preparations. Agglutination patterns changed upon purification of the components in the crude root washes. Size fractionation of the components in crude root washes of potato, tomato, wheat, and bean produced a high-molecular-weight fraction which only agglutinated two of five wild-type isolates examined (Table 1; Fig.  IA ). These isolates, P. putida Corvallis and P. fluorescens WCS740, were also agglutinable by the nonfractionated crude material (data not shown).
Treatment of the crude root components with CM-Sephadex C-50 did not change the pattern of agglutination reaction of the isolates tested. However, after further treatment of the root washes with DEAE-Sephadex A-50, strong and consistent agglutination was detected for all Pseudomonas isolates except WCS951 and WCS916 with potato root washes ( Table 1) . Agglutination was observed with the low-molecular-weight components present in the nonabsorbed material (Table 1; Fig.  IB) .
Isolation of agglutination-suppressive components. During the purification procedure of crude root washes, brown material was adsorbed to the DEAE-Sephadex A-50. Washing the DEAE-Sephadex with increasing concentrations of NaCl released most of the brown material. No agglutination activity was detected in the salt-free DEAE-Sephadex-adsorbed material, but this material could suppress the agglutination reactions of all isolates studied with ion-exchange-treated root washes (data not shown). When, as a control, untreated DEAE-Sephadex was treated with increasing concentrations of NaCl and dialyzed before the assay, no agglutination-inhibiting activity was detected.
Correlation between adherence and agglutination. The correlation between adherence to plant roots and agglutination was determined for three groups of 10 distinct Pseudomonas isolates obtained from the rhizospheres of potato, grass, and tomato, respectively. The isolates from each plant showed different agglutination potentials for the crude and ion-exchange-treated agglutinin preparations. Few isolates were agglutinable with the crude agglutinin, but all showed agglutinability with the ion-exchange-treated agglutinin. Cells were recovered from roots in the first two washing steps only. When roots were homogenized after the second wash, the number of CFU was below the detection limit. Between the isolates tested, reproducible differences in adherence were observed in both the first and second washing steps (Table 2 ). However, a significant correlation between adherence to roots and agglutination with either crude or ion-exchange-treated root washes was not observed ( Table 2) . P. putida Corvallis was agglutinable with both crude and ion-exchange-treated root washes from potato, grass, and tomato (Table 3) . Agg-mutants of this strain did not show agglutination with crude root washes from the three crops studied but were as active as the parental strain with ionexchange-treated root washes from the same crops. In both washing steps, Agg-mutants (1202 and 4312) were significantly diminished in their adherence to sterile roots of potato, grass, and tomato in comparison to the parental strain (Table  3) .
Adherence to roots after addition of root washes. Adherence of certain Pseudomonas strains to roots was altered by the addition of root components (Fig. 2) . Both crude and ionexchange-treated root washes could increase the adherence of P. putida Corvallis ( Fig. 2A) but decreased the adherence of P.
fluorescens WCS740 (Fig. 2B) . The most dramatic effect was an increase in adherence of Agg-mutant 1202 upon addition of ion-exchange-treated root material containing an agglutinin for this strain ( Fig. 2A) . A smaller increase in adherence was also observed with P. fluorescens WCS726 (Fig. 2B) , which was agglutinable by ion-exchange-treated but not be crude preparations. No linear relationship was noted between the effect on adherence and the concentration of agglutinins added. No differences in the amount of CFU were found after plating bacterial suspensions before and after addition of agglutinins (data not shown).
Correlation between root colonization and agglutination.
For 10 Pseudomonas isolates from potato, no significant correlation was observed between colonization of potato roots after bacterization of the roots or soil and their agglutination reactions with either crude or ion-exchange-treated potato root washes (Table 4) . No significant differences in root colonization were demonstrated between the wild type and mutants of P. putida Corvallis after bacterization of potato roots (Fig. 3A) . How ever, after bacterization of the soil, root colonization of mutant 4312 was reduced on roots from 0-to 6-cm depth (Fig. 3B) . Mutant 5123 displayed slightly less colonization potential than the parental strain on root sections 4 to 6 cm deep (Fig. 3B) .
DISCUSSION
Root-associated pseudomonads differ in the ability to be agglutinated by components isolated from root surfaces. Only certain pseudomonads are agglutinated by the mixture of high-molecular-weight components obtained in crude root washes, as indicated by Anderson (1). These pseudomonads are agglutinated equally by the crude preparations from several plant species, i.e., bean, potato, wheat, and tomato (data not shown).
Ion-exchange treatment of the crude root components results in a lower-molecular-weight fraction which agglutinates almost all pseudomonads examined, with only slight variations in efficacy. A similar phenomenon was observed for strains of the fungus Ceratocystis fimbriata in their agglutination reactions with crude and purified extracts of sweet potato roots (17) . The authors demonstrated the presence of a factor(s) in the crude root extract which was able to suppress agglutination reactions of the spores differentially and which probably was lost during the purification procedure. Our present study also suggests that an inhibitor(s) of agglutination reactions of pseudomonads is present in the crude root wash. The simplest explanation is that the inhibitor(s) associates with the agglutinin-active components and is removed by ion-exchange chromotography, resulting in a smaller size of the effective agglutinin complex. Thus, one explanation for the difference between agglutination by crude and ion-exchange-treated root wash preparations could be the ability of the pseudomonad to recognize the inhibitor(s). Supporting this view is the remarkable (15-fold) increase in binding of mutant 1202 to tomato roots upon addition of ion-exchange-treated root washes but not by crude root washes. Also, two isolates which seem to be less sensitive to the inhibitor(s), P. putida Corvallis and P. fluorescens WCS740, are less affected in their adherence to tomato roots by crude and ion-exchange-treated material.
Van Peer et al. (20) reported a significant positive correlation between firm adhesion of pseudomonads from tomato to tomato roots and agglutination with tomato root washes. Also, Anderson et al. (2) reported that mutants of P. putida Corvallis lacking the agglutination phenotype were significantly reduced in short-term adherence to sterile bean roots. We confirm, with roots of potato, grass, and tomato, that the Agg-mutants of P. putida Corvallis are reduced in their potential for rapid binding. However, in our studies, the Agg-mutants were only nonagglutinable with crude root wash preparations; they were agglutinable by the low-molecular-weight fractions obtained by the ion-exchange treatment.
However, in a more extensive analysis of 30 different isolates, no correlation between adherence and agglutination by either the high-or the low-molecular-weight fraction was observed. Our interpretation of these data is that agglutinability with the root agglutinin(s) studied is only one factor among others involved in adherence.
Chao et al. (7) concluded that the ability of rhizobacteria to agglutinate with root washes is a major determinant in the colonization of pea roots. Our present results do not confirm this hypothesis. Potato root colonization of 10 Pseudomonas isolates from this crop was independent of their agglutination phenotype with both the low-and high-molecular-weight agglutinins. In addition, no differences in potato root colonization were observed for Agg-mutants of P. putida Corvallis and their parental strain after bacterization of roots. Observations of reduced colonization by Agg-mutants of P. putida Corvallis, however, were made by Anderson et al. (2) in the presence of the pathogen F. oxysporum. Besides the process of adherence, root colonization involves processes such as microbial growth, redistribution of bacterial cells, and survival, which all contribute to the rhizosphere competence of pseudomonads. It is concluded that the agglutinins studied can be involved in short-term adherence to roots by fluorescent pseudomonads but need not play a decisive role in their root colonization.
